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REMARKS 

Applicants have changed the legal representation of this application under the terms of an 
exclusive license recently executed by assignee Cedars Sinai Medical Center to BBB 
Biotechnologies, Inc. ("BBB"). 

Before entry of the amendments contained herein, Claims 1-10, 12-24, 48-55, 57-71, 
135-144, 146-160 and 162-189 are pending in the application. After entry of the amendment, 
claims 1-3, 12-13, 18-24, 48, 57-60, 65-71, 135-137, 151-153, 190-286 remain pending. Claims 

4-10, 14-17, 49-54, 61-64, 138-144, 146-150, 154-189 have been canceled. All independent 

i 

claims have been amended, or newly presented, to be limited to the use of direct agonists of 
ATP-sensitive potassium channels as the compounds/agents responsible for increasing the 
permeability of the capillary or arteriole delivering blood to the abnormal brain region or tumor. 
Support for these claims is found in the specification, for example, at page 10. Applicants 
reserve the right to pursue the subject matter of the previously presented claims (i.e., activators 
of soluble guanylyl cyclase) in a continuation application. 

Claims 1-3, 12-13, 18-24 and 190-234 are directed to a method of delivering a medicant 
to an abnormal brain region comprising administering a direct agonist of an ATP-sensitive 
potassium channel agonist and a medicant. Claims 48, 57-60, 65-71 and 235-272 are directed to 
a method of delivering a medicant to a malignant tumor comprising administering a direct 
agonist of an ATP-sensitive potassium channel agonist and a medicant. Claims 135-137, 151- 
153, and 273-282 are directed to a pharmaceutical composition comprising a direct agonist of an 
ATP-sensitive potassium channel and a therapeutic cytotoxic agent or anticancer 
chemotherapeutic agent. Claims 283 and 284 are directed to pharmaceutical composition 
comprising a direct agonist of an ATP-sensitive potassium channel and various other drugs. 
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Claims 153 and 285-286 are directed to a kit for enhancing the delivery of a medicant to an 
abnormal brain region and/of to a malignant tumor comprising a direct agonist of an ATP- 
sensitive potassium channel and instructions. 

Rejection Under 35 USC § 1 12 

The claims as previously pending were rejected under 35 USC § 1 12 as non-enabled in 
certain aspects. While the Examiner found the application to be enabled for delivering certain 
types of medicants (i.e., medicants with a molecular weight of between 50 Daltons and about 250 
kD or a particle diameter between about 50 to about 250 nanometers) to certain types of 
abnormal brain regions (i.e., glioma and areas affected by ischemia or stroke) by a particular 
mode of delivery (i.e., intracarotid), the Examiner suggests that it would be unpredictable 
whether the invention would be applicable to medicants, abnormal brain regions and delivery 
methods outside this scope. 

In response to this rejections, Applicants direct the Examiner's attention to a paper 
recently published by the Applicants in a highly respected scientific publication, Cancer 
Research, which establishes that the method of the present invention permits enhanced delivery 
of compounds with a broad range of kD. (Ningaraj, NS, Rao, MK and Black, KL. Adenosine 5 - 
tripfyosphate-sensitive potassium channel-mediated blood-brain tumor barrier permeability 
increase in a rat brain tumor model Cancer Res . (2003) 63(24): 8899-91 1). The Applicants 
also provide the Declaration of Dr. Nagendra S. Ningaraj , which presents data establishing that 
the method of the present invention permits enhanced delivery of medicants to a broad range of 
abnormal brain regions or tumors and a variety of modes of administrations. 

Medicants: The Examiner suggests that it is unpredictable whether the method of the 
present invention could be used to deliver medicants generally, and suggests that the method is 
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limited to delivery of medicants within a certain size range (i.e., 50 D to 250 kD or a particle 
diameter from 50 to 250 nanometers). As noted above, the Applicants recently published a 
paper in Cancer Research which establishes successful delivery of compounds much larger than 
250 kD. This publication, cited above, is attached as Appendix A of the Declaration of Dr. 
Nagendra S. Ningaraj. Figure 3 on page 8904, shows that co-administration of minoxidil sulfate 
(MS) increased the uptake of [ 14 C]-carboplatin, which has a molecular weight of 371KD. In 
addition to large molecules, enhanced delivery of gene therapy agents (i.e., vital vectors) to 
abnormal brain regions is shown. In Figure 5 on page 8906, co-administration of MS is shown 
to enhance the delivery of an adenovirus coding for green fluorescent protein (adv-GFP) 
(comparison of panels g and j) relative to adv-GRP infused alone, which is delivered in only 
negligible amounts. 

Moreover, the Applicants have shown that delivery compounds larger than 250 kD is 
targeted to abnormal brain regions. In the Cancer Research paper, MS is shown to target adv- 
GRP specifically to the abnormal brain region. Figure 5 shows that when co-localized with 
GFAP (a glial cell marker, panels h and k, red cells), GRP is not found in the same cells as 
GFAP in the absence of MS (panel i). However, when MS is co-infused with adv-GRP, GRP is 
almost exclusively found in the GFAP positive glioma cells (panel i, yellow cells are double 
labeled). In view of this evidence, Applicants believe that the claims as now presented are fully 
enabled for medicants generally, without limitation to size. 

Abnormal Brain Regions and Tumors: The Examiner states that it is unpredictable 
whether the methods of the present invention could be used to treat abnormal brain regions 
generally, and suggests that the method is limited to treatment of glioma, ischemia and stroke. 
Prior to the Applicant's discovery, it was known the certain types of cancer cells (i.e., breast 
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cancer cells) overexpress potassium channels. Until the Applicant's discovery thereof, however, 
it was not known that primary brain tumor cells overexpress Katp channel, or that brain 
microcapillary endothelial cells adjacent to tumor cells generally also overexpress Katp channels. 
Dr. Ningaraj's Declaration presents experimental results establishing enhanced uptake of 
compounds in brain tumors other than glioma, including metastatic breast brain tumors and 
metastatic lung brain tumors (Exhibits C and D) . Experimental evidence is also provided to 
establish that metastasized brain cancer cells originating from lung, breast and renal cancers all 
have high levels of Katp channel expression on both the cancerous cells and on capillary 
endothelium (Exhibit B). 

Delivery: The Examiner suggests that the successful use of the method is limited to 
intracarotid infusion, finding that it would be unpredictable whether other modes of delivery 
(i.e., intravenous, oral or intramuscular injection) would achieve the same effect. Dr. Ningaraj's 
Declaration provides experimental evidence that intracarotid delivery is not required for the 
successful use of the method. Specifically, intravenous delivery of a minoxidil sulfate (MS) (a 
Katp agonist) is shown to effectively increase the delivery of compounds to abnormal brain 
regions (Exhibits C and D). In view of this evidence, Applicants believe that the claims are 
enabled for systemic delivery generally, and in particular, for intravenous delivery. 

This application is a continuation-in-part of US 09/491,500, filed January 26, 2000. The 
Examiner's attention is directed to the fact that the '500 application presents claims that currently 
overlap with the claims as now presented and that the 6 500 application is currently in 
prosecution. Applicants will be happy to file an appropriate terminal disclaimer on allowance of 
the present claims. 
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Conclusion 



In light of the amendments and comments presented herein, Applicants request that the 
Examiner allow all pending claims. 



King & Spalding, LLP 
191 Peachtree St. 
Atlanta, Georgia 30303 
404-572-3541 
404-572-5145 (fax) 



Respectfully submitted, 




Sherry M. Knowles, Esq. 
Reg. No. 33,052 
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Serial No.: 09/615,854 
Applicant: Black, et al. 
Filed: July 14, 2000 

T.C./A.U.: 1636 
Examiner: Qian 

Docket: 08143.105002 

Commissioner for Patents 
Mail Stop RCE 
P.O. Box 1450 
Alexandria, VA 223 13-1450 

Januai-y 20, 2003 

^ Declaration of Nagendra S. Ningaraj, Ph.D. 

1 . My name is Nagendra S. Ningaraj. 

2. I received a B.Sc. in Chemistry and Biology in 1978, and a M.Sc. in Biochemistry in 
1980 from Mysore University in India. 

3. From 1980-1989 1 was Chair and Assistant Professor in the Department of Chemistry, 
at the Institute of Technology at Mysore University. 

4. In 1993, 1 received my Ph.D. as a Visiting Research Fellow in Neurochemistry in 1993 
at the National Institute of Mental Health and Neuroscience in India, with an emphasis 
on the effects of CNS drugs on neurotransmitter function. 

5 . From 1 993 - 1 996 1 completed a postdoctoral fellowship in pharmacology and 
toxicology at the University of Kansas. 

6. From 1 996- 1 998 1 was a Research Scientist at the University of Kansas performing 
pre-clinical drug development studies, focusing in part on different routes of drug 
administration. 

7. From 1998-present I have been engaged as a Research Scientist at the Neurosurgical 
Institute at Cedars-Sinai Medical Center in Los Angeles, CA. In this role I have 
studied the pharmacology of potassium channel agonists in tumor biology. 

8. I am presently a senior Research Scientist and Principal Investigator at the Maxine 
Dunitz Neurosurgical Institute at Cedars-Sinai Medical Center in Los Angeles, CA 
90048. 



9. Since 1998, 1 have been awarded two NIH and Cancer Research Foundation grants as 
. the co-investigator and the Principal investigator. 

10. 1 have authored more than a dozen scientific publications, as well as several text book 
chapters and presented at a number of scientific conferences. 

1 1 . 1 am a named inventor on U.S. Patent Application No. 09/615,854 (the '854 
application). I have read and understand this application. 

12. 1 understand that the Examiner has rejected the pending claims in the '854 application 
on the grounds that they are supposedly not enabled by the specification. The '854 
application teaches that modulators of Kc a and K A tp channels can enhance delivery of 
therapeutics from the blood specifically to abnormal or malignant cells. 

13. Claim 1 of the '854 application is directed to a method of delivering a medicant to an 
abnormal brain region in a mammalian subject, that includes administering to a 
mammalian subject having an abnormal brain region a direct agonist of an ATP- 
sensitive potassium channel, under conditions and in an amount sufficient to increase 
the permeability to the medicant of a capillary or arteriole delivering blood to cells of 
the abnormal brain region; and administering to the subject, simultaneously or 
substantially simultaneously with the direct agonist and the medicant, so that the 
. medicant is delivered selectively to the cells of the abnormal brain region compared to 
. normal brain regions. 

Broad scope of method to treat abnormal brain tissue 

14. 1 understand that the Examiner suggests that it is unpredictable whether the methods of 



\ the present invention could be used to treat abnormal brain regions generally, and 
\ suggests that the method is limited to the treatment of glioma, stroke and ischemia. 
Based on my years of research, I disagree for the following reasons. In particular, our 
research has confirmed that our method can be used to treat brain tumors generally, 
and without regard to whether the tumor is metastatic from another region of the body 
or is a primary brain tumor. 



14. I along with Dr Keith Black, the Director of the Maxine Dunitz Neurosurgical 
Institute at Cedars Sinai Medical Center and a coinventor of the present application, 
and Mamatha Rao recently published a paper in the peer-reviewed journal Cancer 
Research that described our laboratory observations in the area of Katp expression in 
brain microvasculature and tumor cells (Ningaraj, NS, Rao, MK and Black, KL. 
Adenosine 5 f -triphosphate-sensitive potassium channel-mediated blood-brain tumor 
barrier permeability increase in a rat brain tumor model. Cancer Res . (2003) 63(24): 
8899-91 1). This paper, along with the paper that we published last year in the Journal 
of Pharmacology and Experimental Therapeutics (highlighted on the journal cover) has 
been the subject of extensive interest by scientists in this field (Ningaraj, NS, Rao M, 
Hashizume K, Asotra K, Black KL. Regulation of blood-brain tumor barrier 
permeability by calcium-activated potassium channels. Journal of Pharmacology and 
Experimental Therapeutic s (2002) 301:838-851. 



16. The invention in the claims as now presented is founded on our discovery that 
abnormal brain regions overexpress K A tp channels, not only on abnormal brain cells 
but also on the epithelial cells which they contact. The fact that both types of cells have 
high levels of expression of these K A tp channels is important to the targeting of the 
medicaments to abnormal brain regions. Figure 1 of the Cancer Research paper (page 
8902) shows a schematic representation of the expression of K A tp channels in normal 
brain with neighboring endothelial cells and abnormal brain with neighboring 
endothelial cells. Figure 1 also presents data from confocal microscopic 
immunolocalization of Katp channels (yellow) and von Willebrand factor (red) in 
normal brain capillaries and abnormal brain capillaries. Yellow indicates the co- 
localization of Katp channels. The results establish Katp channels are hardly 
detectable in normal microvessel endothelial cells, while microvessel endothelial cells 
adjacent to tumor capillaries overexpress Katp- 

17. Our results further confirm that when an agonist of Katp is administered to the brain 
tissue, the overexpressed Katp channels allow selective and enhanced delivery of 
compounds across brain tumor micro vessels and that this can be exploited to increase 
the blood to tumor barrier permeability and enhance drug delivery. 

1 8. It had been known prior to our discoveries that potassium channels can be expressed 
in certain non-brairi tumor tissue, however, it was not until we performed our 
experiments that it was discovered that (i) primary brain tumor cells overexpress K A tp 
channels; and (ii) brain microcapillary endothelial cells adjacent to the tumor also 
overexpress Katp channels. 

19. We have also shown that Katp channels are overexpressed in metastatic brain tumors 
of diverse origin, i.e., lung, breast and renal, as well as microcapillary endothelial cells 
adjacent to these tumors (see Exhibit B, unpublished data). Specifically, Exhibit B 
shows that metastasized brain cancer cells originating from lung, breast and kijdney 
cancers have high levels of Katp channels (Left panels, green stain). Furthermore, 
these metastasized tumors also have high levels of expression of Katp channels on the 
brain microcapillary endothelium adjacent to the tumor (right panels, yellow cells, 
arrows). 

20. Not only can we show that abnormal brain regions have high levels of Katp channels 
on both the malignant cells and on the endothelial cells, we have also shown that 
abnormal cells actually directly enhance the expression of Katp channels on 
endothelial cells (Figure 6 of Cancer Research, Id. page 8907). The [ 3 H]- 
glibenclamide binds specifically to Katp channels. Co-culture of endothelial cells and 
glioma cells increases the [ 3 H] binding by approximately 6-8 fold (compare panel A, 
lanes 3 to 5 or 8 to 10) to endothelial cells possibly arising from signals form the tumor 
cells. 

21 . The level of mRNA coding for a subunit of the channel is also enhanced when 
endothelial cells are co-cultured with glial cells (Figure 6 of Cancer Research). In the 
presence of abnormal cells, Katp Kir 6.2 subunit mRNA is increased (Figure 6B top 



panel, comparing lanes 1 to 3 or 5 to 4). The mRNA level differences translate into 
differential protein expression (Figure 6C, comparing lanes b to c or d to f). 

22. The channels that appear are more highly expressed when the endothelial and tumor 
cells are co-cultured and are functional. The conductance of microcapillary brain 
endothelial cells is dramatically enhanced when co-cultured with tumor cells (Exhibit 
K, figure D, plot 3 (peak at approximately -1500 RFU) to Figure E, plot 4 (peak at 
approximately -6000 RFU)) in the presence of minoxidil sulfate (MS), a Katp agonist. 
The conductance is higher than that of the tumor cells alone (Exhibit J, figure E, plot 3 
(peak at approximately -4000 RFU), showing that there is a positive influence of the 
tumor cells on the expression of the potassium channels on endothelial cells. 

23. Our results also confirm that when an agonist of K A tp is administered to metastatic 
tumor tissue (breast and lung) in the brain, the overexpressed Katp channels allow 
selective and enhanced delivery of compounds. 

. 24. Exhibit C (unpublished data) shows that potassium channel agonists enhance 
compound uptake in a metastatic breast brain tumor. When rats are co-injected 
intravenously with [ 14 C]AIB and MS (a K A tp agonist), the levels of [ 14 C] in tissue 
taken from the brain tumor is approximately three times as great as if they are co- 
injected with saline and [ 14 C]AIB (Exhibit C). The level of [ l4 C] in the brain tissue 
surrounding the tumor and in the contralateral brain does not differ significantly 
. between the vehicle treated and MS treated rats. 

25. Exhibit D (unpublished data) shows that potassium channel agonists enhance 
compound uptake in a metastatic lung brain tumor model. Intravenous co-injection of 

. MS (a Katp agonist) increases the uptake of [ 14 C]AIB specifically to the tumor (vs. 
\ brain surrounding the tumor or contralateral brain) approximately three fold (black 
\ bars). 

26. Based on the data described above, and our extensive research in this field, I conclude 
that we have discovered a method to selectively deliver a medicant to a wide range of 
abnormal brain tissue compared to normal brain tissue. This method gives hope to 

' those many patients suffering from presently incurable brain tumors and disorders. 

Katp channel agonists can be administered in any manner that provides for delivery to 
the brain. 

27. The Examiner asks whether the successful use of the method is limited to intra-carotid 
infusion. This form of delivery is not exclusively required for the successful use of our 
method. 

28. In fact, the K A tp agonist can be administered in any manner that delivers the agonist 
systemically to the brain vasculature, including by intravenous, intraarterial or 
intracarotid delivery. 



29. We have performed several experiments that show that intravenous infusion of the 
potassium channel agonist is effective. The experiments illustrated in Exhibits C and 
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Time Course. To determine . . riod) was transient or 

ability increase in RG2 mmor-beanng rats (^ A ' tt ™^ > ^ ^ onned . 
coulLs.^ov-a.o V^^^S^^W 

determined as described above _ , Agonists on BTB Perm^- 

Synergistic Effect of K c ^ '^^'^ pLeabiHty increase was 

independent of K Ca channels, w 4/arouo). Furthermore, to inves- 

iberiotoxin in RG2 Administered simu.«aneous.y 

tigate whether Kc ^I^ B TB permeability, NS-1619 and MS (30 - 

previously (4). The homogeneity (>90 95/.) o VHl/vWF. For 

P by immunosuining ^^^51^3 in cocultt.re with RG2 
potentiomemc assay sj ^^^wTplate to obtain a monolayer, 
tumor cells in a gelattn -cm ted ' ^ ^ ^is can 
Coculture Expenments. ^ff^S^ human brain microves- 
induce overexpression of W cha ^ ^ RG2 ^ and 
se, endothelial cells ^fJ^^Xd^ suitable conditions for the 
HBMVECs with GBM cells, wc 6-well tissue culture plates, 

g^ of die coculture on ^^-^.were cocoated w*, 

confluency, '^«e««n P ^(l^ 

p3ECsandHBMVEC,aloneorm^uUure^ ^ 

to study whether tumo cells ^te ^ove P immunocytoche m- 

mRNA and protein levels m ^ Kfaf channel anti- 

bodies to support RT-PCR and We*™MoU«J^^ rf 
Westen. Blot ABalysis To '"^^^"te s of normal brain 

and tumor tissues, tumor cells alone , Q mM 

homogenizarionin.Ovo-^ 

vanadate, 10 mM Tns (pH 7.4)] y"" 3111 ;^ bral , ioma for 3-4 weeks 
obB i„ed ^ n -^r^C^j!U was performed 

interest were purchased lfh» e 7~^7^ yIi de I ie difluoride 
6-12% SDS-polyacrylamide gel, ^ e ™> with respective 

m embranesOmobilon-P ; M.lhpore,B^f^M^^ ^ ^ 

affinity-purified antibodies (optimum ^ 
incubating with the P^T^Z^ZTZ Toe signals we« de- 
idase-conjugated ^rr^*^"^ (\mersham Biosciences 

tected with an '^S^SS^ f^^ antibody ' T 
Corp., Piscataway, N ) ^b.t po.yc P ces (EDp 

AwlwR^RQ^ ^ MAb W3S obtained from Santa 

C CSi^ (-O. -^^nnet^S 
hum an bram and = ^ wj - ^ b(ain along 

against a K ir 6.2 ^ u " ( l i CC and confocal-laser-scanmng m.cro- 
sulfonylurea receptor 2 ATC ( ^ ^ differential express ion of 

scope analysis ^f^S^ 

VECsandCOSceUswe^posit^ 

experiments included either a wnttoi P W did ^ 

MocKing peptide, ^^^ A °^32 lli inathymic nude rats with 
primary antibodies. ICC analysis oi *atp determine 
intracerebra. GBMs was P^^» ^^3X5. and tumor cells, 
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,rrrr. ,„H antimouse IeG conjugated with rhodamine (tetfamemylrhodamine 

lial, KUZ, ana vje» i „ rrt ^ C c-H similarly and immunostamed 

fixed with 4% paraformaldehyde, processed similarly <u 

u!! , r rniuoated with tetramethylrhodamine isothiocyanate. lmmu- 
anun.bb.t IgG ^ after delivery 0 f Neu (human Her-2 

T nrti ^2 te^g -ts was performed with antirabbit Neu and sec- 
equwalent) in RG2 teanng ^ „ lrtlodamine isothiocyanate. 

*Stt^£l£. RNA was iso.a,ed from endothelia. (HBMVECs, 

TRlzol (lnviuograi synthesis of cDNA using random 

nWacturer's mictions. ™^ ^ total RNA using 

f 1 ^Jn £a£* Si ! amp.if.ed in a standard 50-,. 

PGR reacnon iai ^ F , h RT . PC R product was analyzed on a 1% 
pnme, An ahquot 20 £) of he ^ of me 

f f °TrV G^Ac"c^CATCCTGTCCCGC-3' and 5'GGGGGC- 
channel (5 "GTCACCOUAO , 5 '-AATCTGGCACCACAC 



HBMVEC and GBM cell membranes, dose-response studies were r*rformed 
with 0-50 um K ATe channel agonist MS and K ATr channel I antagonist gl.b- 
e^amide (100 hm), using the Spectmfluorometer set to the following ; param- 
eters: excitation (530 nm), emission (565 nm), and em.^pn cutoff (550 nm) 
wavelengths. Additionally, the effects of the<*t.mumdose<10£M)of MSand 
^ndlde (100 nM) on K ATP channel activity in HBMVECs and GBM 

"dto^UGFP-Adv, and erbB-2 Antibody De,W ? OFNJv 
construct were prepared as described by Smith et ol. (26), with shghtmod.- 
fi« ST Tr,e £Tgene was first cloned into a shuttle vector pAdTrack- 
CMV and the resultant plasmid was linearized by digesting it w.m restriction 
endon'uclease Pme 1 and subsequently ^transformed into Escher^a col, 
ceUs with an adenoviral backbone plasmid, pAdEasy-1. Recombinant plasm.ds 
w e transfected into 293 cells. The presence of recombinant adenoviruses was 
vST^y RT-PCR. GFP-Mn (1 X 10' pfu/ml) was infused ..c. wrth or 
Thout MS in rats with implanted GBM. Neu rabbit polyclonal and Her-2 
MAb which are specific for rat and human erbB-2 receptors, respectrvely 
Tre in this stuTy. Both antibodies were dia.yzed using M, 100,000 cutoff 
dialysis tubing (0.5-ml capacity, 10-^m ^™' S ^}*»™ ° 
ma and other additives. MS (30 M-g/kg/min) was > nfused ( ,c > for 1 5 
mrfo..o^°c.i n fusionofNeuorHer-2MAb(l mg/ml/kg) or GFP-Adv 
0 x 10' pfu/mi) for 45 min. After 2 h, tats (n = 2) were perfuse fixedw,* 
40/0 paraformaldehyde transcardially, and the bram removed. Her-2 MAbs 
iound to Her-2 receptors *. vivo was detected by incutating rat brain cryo- 
*ctions as per the manufacturer's (Molecular Probes) procedure with Alexa 
nour-647-conjugated secondary antibody (Z^non label^ 1.0 «hat sp^ally 
binds to the .gGl fragment of Her-2 MAb- Ne, 



^cI'Sa^ -p- T " K " L — ^ dCteCte - USin8 — - 



ST J«s taTn tumor cells, and brain tumor-bearing rat brain sections 
endothehal cells, bram mmo ^ce fluorescent signals on 

vWF were «(¥ were displayed individually as green and red pseudocolor 

to ^ ^ colocahza - 

C Trwo differett antigens within specific subcellu." -~ , 

I^Hl-Glibenclamide Binding Study. The densities of K ATP channels in rat 
bi iloSa and tumor ce.ls and in human normal bram and tumor tissue 
brain enoome .rjiibenclamide binding study. To quantify K ATP 

T tTZ. R^ECs atone or cocu.tured with RG2 cel.s, ra, brain, RG2 
channe s ^^^^ or ^.^d with GBM, and norma, human 
tumor tissue glibencla mide (5 p.) and [ 3 H]- 

brain and GBM ' ^^V^ hosphate buffer (.0 m M , P H 7.4). The 
C-Se^ ?£. ChaUmor-RoU - - (25). Samples were wash,* 

S^aSS^— * acl. binding of PHHMb* 
c3S was calculated by measuring the difference between nonspectfic and 

T ^ in three separate experiments conducted in duplicate. 
S ^ m J at Potent aX. Functional activities of putative K ATP chan- 
Membrane Potential ^ ^ measured by detecting cnan g es ,„ 

cells obtained from cell passages l j ou k- ■ , . v lfk 3 



conjugated with tetramethylrhodamine isothiocyanate. To invesfgate whe her 
r« was Adv-GF/> delivery and expression of GFP m tumor cells, another 
^oupTrais (n = 2) were transcardiaMy perfuse fixed with 4% paraformal- 
Lyde after 96 h, brains were removed, and cryosections were .maged for he 
oresence of GFP by confocal microscopy. Furthermore, to demonstrate the 
^ on of GFP on g.ia. tumor ce.ls, GFP was localized with GFAP. 
emission Electron Microscopy. Seven days after RG2 tumor cell 

in 0.5% DMSO). NS-1619 (30 ^g/min in 0.5% « MS 00 

"gflcg/min in 0.5% DMSO) for 15 min. Rats were mfcsed wuh 10 . . I of cold 
PBsld perfuse fixed with 250 ml of 1% glu^raldehyde in PBS (pH IA) 
Zugh the heart. Tumor-bearing brains were removed, and 1 W tissue 
piecJ encompassing tumor mass, brain surrounding die tumor, and norma, 
brain were cut, and samples were processed for transmission dectronm ^ 
copy analysis (JEOL electron microscope operating at 80 kV), as described 

^SanSe Analysis. At leas. 10 profiles of capillaries from each group 
seeded transversely and photogmphed at low magnification (X7200) were 
SuTted for their genera, features, as described previously (4). Bnefly, 
micrographs were placed on a digitizing screen; and structural features were 
meaS using Scan Pro 4, a computer-assisted, image analysis system 
Handel Scientific. Corte Madera, CA). Abluminal and luminal circumferences, 
areas of endothelial cytoplasm excluding nuclei and vacuoles, and mean 
thickness of endothelial cytoplasm were measured and compared wth those in 
he control group. The mean thickness of endothehum was calculated by 
ubZ on of the luminal radius from the abluminal radius, which was 
obuS from the areas encirc.ed by the lumina. and ab.umina. crcumfer- 
enceT respective*. The proportion of torn, vesicu.ar area ,0 the cytoplasm. 
arTwas expressed as a percentage to derive another parameter to characterize 

V i C „ U r^vaTS'. Wistar rats with implanted intracranial tumors were used 
, 0 study the effect of MS on increased CPN delivery and survival. RG2 eel s 
(, x 10*) were implanted intracranial* to form a tumo, (? mm in size) in raU 
within 1 week. After 1 week, rats were given saline, CPN (5 mg/kg), or CPN 
after 15 min of MS (30 ^g/min for 15 min) infusion through an extenonzed 
catheter once a day for 3 consecutive days. The rats were mon.tored carefully 
for monaU* and clinical signs attributable to brain tumor growth for 90 days 
or until deaih, whichever came firs,. Brains of dead or moribund rats or diose 
rats that survived beyond 90 days were removed, frozen, and cryosectioned for 
rTtologica. evaluation, to compare tumor volumes between treated and un- 
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^ed groups. Kap.an-M.er analysis was performed to detennine the statis- 

tical significance of th.s wher e applicable. For all 

Statistics. . Results are expressed as mean^- . 

Unpaired two-ta>led Student sr tests wer ^ 
^ated groups. The stat, st.cal an ly^o f K «* ^ of 

deft index, and cleft area ^J°™^™™J OVA , followed by either 
without drug ««r* 1 TJSS^or* V no^^c«n-y«of 

infusions. , 
RESULTS 

agonists. BTB ca P mJ | nci> mnv readiW reS pond to activation by 



in normal brain microvessel endothelial cells, which, therefore, may 
not respond to K ATP channel agonists 



md to K ATP channel agonisis. 
* ChinnerMediate MS-induced BTB 
crease'' BTB permeability, * (jilfetaun). was measured by QAR o 
cr^SctL obtained from RG2 or GBM tumor-beanng rat brains 
crypsecnom uu i-beled tracer, 5 min after i.e. MS 

after the injecUon of a [ 2!T mediate MS-induced 

infusion To determine whether K ATP cnanneis mcum 

enhanced delivery of [ C]-A1B on x. *v 

» S£ W X, tarn, ws « * *~ 
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Vehicle 



MS+Glb- 



Fia 2 Quantitative increases in blood-tumor 
barrta permeability. A, colownhanced autoradjo- 
^sTcoronal *rain ^*^t£S, 
[•'CI a-aminoisobutyric acid if c ^*> 
n » rat with an intracranial rat glioma (««) «umor 
Xr7x" hide (PBS + 0.5%DMSO).nn J sK»b^ 
significantly enhanced delivery » « »*£g£ 
ralThe MS-induced increase m [' 
ery was significantly diminished when ghben- 
ctanide (Gib) was coinfused. For comparison, the 
C sSe t me left shows pseudocolor 
Ssue^alitaated i"C\ standards ^40-450 rftf 
g-specific activities. B, the mean for [ q^MB 
figrdficanUy increased after ..c. infusiono nunoM 
dil sulfate (MS; iO Mi/kg/min for 15 ™")corn 
pared with a vehicfcMreated group. The 
iL significantly attenuated by coac^imstradon of 
. ^ 4). Coinfusion of a K c . channel inhibitor 
S>xin W with MS ** the 

MS-induced increases. C, in addition, MS (3U 
3££Tfcr 15 min) enhanced blood-~morbar- 
£ permeability in a glioblastoma mutoforme 
IGBM) xenograft model compared with a PBS- 
2 ^nd was significantly attenuated by 

—^-^°-< s.*^ 

^d-gro^; ( "«;P<0.601^vehic te group. 




| ,4 C1-AIB Uptake 



H&E StainiDg 



Tumor C 
Q Brain Sum****** T««o* 
0 Contralateral B#*Wi 




Vehicle 



,„xin (a stSecific K c channel inhibitor), suggesting that the action of 
toxin (a specific A C a_ ^ study) we 

MS is independent of ~^ lg ^ obtained with a fixed 

T(52 i 8 ' < 000,) ' which was TT U ? ( ?J rl^ 

^/.w P < 0 01) when glibenclamide (5 ^g/kg/min for 15 mm) 
'SS^Tm (Fig 20. in contrast* the 
"without glibenclamide did not ^ n «^ e f 0 ^ e 

affect BBB or BTB permeability (data not shown). 
rleCourse. The present QAR study in rats with imp an ed RG2 
Time Course, in v g (30 g^g/ m i n ) significantly 

tumor showed that i.e. infusion 01 wis ^ w w / 
7P < 0 001) enhanced sustained delivery of [ C]-A1B to me rumu 
forts 30 and 60-min infusions (Fig. 3A). We found that the ability 
of MS o sustain BTB permeability increase up to 60 mm was 
nSe with our reported data on NS-16,9 in a s.m.lar model (4). 



in contrast a 30- or 60-min infusion of BK failed to sustain the initial 
LreaJof K- (P < 0.001) attained at 15 min (Fig. 3A). For compar- 
atwTpurPOse', we infused a similar molar concentration of BK and 

NS JT ^Channel Activation Elicits Increased Delivery of Mole- 
Jfit Various Size, Intracarotid infusion of MS (30 «Jjton) 
increased BTB permeability in implanted intracerebral W32 tumor to 
vanous-sized radiotracers that normally fail to cross the BTB, includ- 
mTSSuc compounds such as ["Cl-labeled- A1B, dextran, and 
a themS ra peutic P a g ent, CPN. Coinfusion with MS sigmficanfly 
enhanced delivery of [ ,4 C]-labeled AIB, dextran, and CPN (Fig 3B). 
£^o« rOCTO delivery was negligible in vehicle-treated rats. 
Si fjther suggest that K ATP channel-mediated increases ,n 
BTB permeability allow delivery of drugs of various molecular sizes, 
induing AIB (M r 103,000). CPN (M, 361,000), and dextran (M r 
70W, suggesting that the effect is independent of molecular size 

^Wrgistic Effect of K c . and K AXP Channe! Agonists on BTB 
Permeability. To investigate whether K ATP and K c . channel agonists 

IxeTa synerg^' * ffect on BTB P*™"™* MS an . d 

NS 1619 were coinfused i.e. for 15 min. This combination s.gmfi- 

8903 
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investigated whether MS increases Neu, Her-2 MAb, and GFP-Adv 
S^SS tumor ft. v/vo. In this study, we used RC-2 (Neu 
SE) Lor-bearing Wistar rats and GBM l^JJ^ 
bearine athymic nude rats. MS infusion enhanced delivery of Her-2 
MAMeEly to GBM and of Neu to RG2 (Fig. 5A) tumor issues 
without any delivery to contralateral brain tissues (Fig. 5A) In con- 
Cvery Lie Her-2 MAb or Neu was delivered to .tumor tissue in 
vThicle-«ated rats (Fig. 5, Ac and Ad). MS also enhanced adv-GFP , 
deUvery to brain tumors. Abundant GFP expression was seen in bram 
ST2dto in rats coinfused with MS and adv-GFP (Fig. SBg) but not 
J! rumor periphery (TP). In addition, GFP expression was > *- 
predominantly on the tumor cells because GFP edootad 
S gFAP (Fig. SAO. in contrast, adv-GFP infused alone fa, ed to 
"ss the BTB and, therefore, negligable GFP -P re ~ S e f^ 
on tumor cells. Furthermore, GFP expression «"-<*"™*" *° 
cerebral blood vessels but not in the tumor cells because the GFP did 
not colocalize with GFAP (Fig. 5BI)- ' . J . - A 

T„ Channel-mediated BTB Permeability Modulation and 
GBF Previously, we showed that i.e. infusion of low doses of 
ciaLeVactivator; such as BK and NS-1619 did not alter CBF in 
25 and normal brain (4). In the present study, using a laser- 
Lrated Doppler, we showed that i.e. administration of 30 £g/kg/min 
S ^ot sfgnificantly affect CBF (Table 1), although BTB perme- 
in" 3 in the Lor area. Mean arterial blood pressure in the 
treated groups was not significantly different from the veh.cle- 

^Z^ZL * ATP Channe, Expression in Endothelial 

Ce is The specific binding of [ 3 H]-gl»benclam.de in the membranes 
of lor celled tissues was significantly, higher than ,n membranes 
nreTred from normal endothelial cells and brain tissue (Fig. M). 
Xtcultured with tumor cells, endothelial cells showed increased 
f H]-glibenclamide binding compared with endothelial cells and ru- 
mor cells alone (Fig. 6A), suggesting an increase in K A „ channel 
Tensity distribution in the cocultured cells, possibly influenced by 
?gn£ arising from the tumor cells. An increased fH>g l.benclanude 
bfndinginGBMcompared with normal brain tissue was also observed 
S 6% VpCR analysis also showed the influence of tumor cells 
on K channel mRNA expression in endothelial cells cocultured 
with^RG2 and GBM primary' cells (Fig. 6B). Western Wot analysis 
a Z 6Q and K ATP channel activity assay by potentiometry (F,g. 6, D 



cells. 



( up «o 60 min) failed «o s»su>u. the * values within rat glioma (*G2) tumor, 

p< 0.001 versus vehicle group(n *)• »• ' j of &l({aalX sizes including 

comparing blcod<umor bamer P««J** 0 ra ^ (0a) ^ and without MS 
aminoisobutyric 0IB), ca ^tSW »e^ significantly (.«, P < 0.001) 
infusion. The Kj values .. £ "^^S^cle observed a synergistic effect of MS 

w«^^ 

-SI M^" -«^S + 0,.i OU PBS + 0,, 

«L* WW. PBS + 0.5% DMSO and ethanol. 



ability increase elicit ed when tne : g permeability 

frFrifuw Her-2-expressing MCF-7 (human breast tumor 
Tenure used negative control. Furthermore, the glial origin of 
RG \n GBM wa S demonstrated by GFAP expression ft, v„ro and m 
<£a 4sJ After studying the ability of MS to increase BTB 
™ IaS*» T th/deU of various-sized molecu.es, we^ 



jf" Channel Activity. The functional activity of putative K ATP 
ch^me si a monolayer of HBMVECs and GBM cells was deter- 
mined by measuring their membrane potential in response to MS at 
va^ous concentrations. The depolarization action of MS was ^h.gh* 
prono^ed in GBM when compared with HBMVECs (F,g. 6D). The 
membrane potential decreases in HBMVECs and GBM cells in re- 
Tonse to Z addition of MS, and a return to resting membrane 
potential with the addition of glibenclamide was measured spe troflu- 
orometrically using potassium ion-fluorescent dye. These results dem- 
on^te tL cn™el activity in HBMVECs and GBM cells in 
™e to MS. Furthermore, endothelial cells, when cocultured w,A 
"mor cells, exhibited higher activity than endothelial - tumor -Us 
alone (Fig 6E). This finding suggests the presence of higher JC A „ 
chapel density distribution on endothelial cells that were grown w.th 
braT tumor cells than on endothelial cells alone. This obsemt.on 
SrS similar results obtained by 

PH]-glibenclamide binding expenments (Fig. 6A). n °^j^n 
ments we observed that MS caused a dose-dependent decrease in K 
S^tM«««-c« density in RBECs, HBMVECs, and RG2 
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A erbB-2 expression 
Her-2 Human glioma cells 



GBM tumor 



Breast Tumor (MCF-7) cells 




Fig. 4. ErbB-2 and glial fibrillary acidic protein 
{GFAF) expression. A, overexpression of erbB-2 
receptors was demonstrated using Her-2 and Neu 
antibodies in vitro in human (a) and rat (d) cells and 
in vivo in GBM (6) and RG2 (*) tumor, respec- 
tively. Low erbB-2-expressing MCF-7 cells were 
used as a negative control (c). B, the glial origin of 
GBM and RG2 was demonstrated with GFAP im- 
munostaining in vitro and in vivo. 



B 



Neu Rat glioma cells RG2 tumor 



GFAP expression 

Human glioma cells 




GBM tumor 




RG2 cells 



• *7 - **v\ 



RG2 tumor 




and GBM cells that was reversed by glibenclamide administration 

(data not shown). 

Immunolocalization of K ATP Channels. We next asked why and 
where K ATP channel modulators selectively induce BTB permeability 
without affecting BBB permeability. Our hypothesis was that such a 
selective effect might be because of increased expression of K ATP 
channels in tumor capillaries and tumor cells compared with normal 
brain To address this issue, we used anti-K ir 6.2 subunit (the pore- 
forming) antibody to immunolocalize K ATP channels in paraformal- 
dehyde perrusion-fixed GBM and RG2 tumor-bearing rat brain sec- 
tions This analysis of rat brain or human brain tumor sections for 
expression of K ATP channels and endothelial cell marker vWF by 
two-color immunocytochemistry indicated that vWF-positive tumor 
vessels (red) were also positive for K ATP channels (green). We dem- 
onstrated K ATP channel expression on the plasma membrane of en- 



dothelial, RG2, and GBM cells. We also observed more intense 
immunostaining for K ATP channels in tumor cells (Fig. lAb) com- 
pared with normal endothelial cells (Fig. lAa), Microvessels positive 
for both antigens are shown in yellow (Fig. 1 and Fig. 7, B and Q. We 
also sought to determine whether K ATP channels are expressed dif- 
ferentially and more abundantly on tumor cells than in normal brain, 
which might explain the MS-induced-selective BTB permeability 
increase. The immunolocalization study of normal brain sections 
showed some positive expression for K ATP channels in noncapillary 
cells, whereas no positive K ATP channel expression was observed in 
normal human brain endothelial cells (Fig. 1). However, a robust 
expression of X: ATP channels in GBM cells (Fig. lAb\ tumor capillary 
endothelium (Fig. 7, Bb and Be), and rat brain tumor capillary endo- 
thelial cells (Fig. 7, Cb and Cc) compared with low K ATP channel 
colocalization in normal brain capillaries (Fig. 1) was observed. These 
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Vehide+Her-lMAb MS+Her-2MAb 



MS+Her-2MAb 



GBM 



RG2 




VCSSClS (/)» --He 



did not infect tumor cells. 



„. that the selective BTB permeability effects of 
results strongly suggest ^ *£K ^ attenuation by glib- 

^25^K«2d density distribution of K ATP 
enclam.de » »^ b ^™ DiUBy endo , he lium and tumor cells com- 



capUlaS endothelium of contralateral bratn tissue after i.e. MS infu- 
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Table I Physiological measurements during blood-brain tumor barrier (BTB) 
permeability determination 
The physiological parameters were determined either before or during vasomodulator 
infusion. The values are mean ± SD of n 2: 4 rats, except for cerebral blood flowmetry 
(CBF), in which three representative rats per group were used. A dose of MS and NS-1 619 
(30 jtg/kg/min) that did not appreciably alter mean arterial blood pressure (MAP) in rats 
was selected for BTB permeability studies by quantitative radiographic method. 



Groups 



PH 



Pa0 2 
(mm Hg) 



PaC0 2 
(mm Hg) 



MAP 
(mm Hg) 



CBF 
(% change 
vs, vehicle) 



cancers, which together account for 70% of brain tumor metastases, 
are the most frequent tumors to spread to the brain. Some 70% of 
patients with non-small cell lung cancers respond to chemotherapy 
using CPN/etoposide. The response rate, however, drops to 10-30% 
for non-small cell lung cancer patients with brain metastases, because 
the anticancer drugs fail to reach the tumor in the brain. Delivering 



Vehicle 


7.3 ± 


0.02 
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42 ±2 


90 ± 
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MS-treated (30 /ig/ 


7.38 ± 


0.01 
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45 ± 1 
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kg/min) 
MS + Gib 


7.35 ± 
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75 ± 




12 ±2 


MS + NS-1619 (both 


7.30 ± 


0.02 


92 ±5 


44 ±4 
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30 jig/kg/min) 

















dil sulfate; Gib, glibenclamide. 

sion (data not shown). Similarly, PBS infusion in tumor-bearing rats 
did not elicit changes in tumor capillary endothelium (Fig. SM2), 
although i.e. MS infusion accelerated formation of pinocytotic vesi- 
cles by invaginations of the luminal membrane of tumor capillary 
endothelium (Fig. $A4) and the alignment and movement of vesicle 
arrays along the luminal-abluminal axis of the capillary endothelium. 
These vesicles dock and fuse with basement membrane and then 
appear to release their contents on the abluminal side of the endothe- 
lial membrane (Fig. %A4). MS significantly increased vesicular den- 
sity (Fig. 85), although MS did not alter the endothelial tight junction 
indices in the tumor capillaries (Fig. 8C). These results demonstrate 
for the first time that the primary cellular mechanism for macromo- 
lecular delivery across the BTB after K ATP channel activation is via 
increased vesicular transport and not via the paracellular route through 
endothelial tight junctions. 

Survival Study. In Wistar rats harboring intracranial RG2 tumors, 
we demonstrated that MS significantly enhanced [ 14 C]-CPN delivery 
to tumor without affecting normal brain (Fig. 35). In addition, 
Kaplan-Meier analysis showed that rats with RG2 tumors survived 
significantly longer when treated with CPN and MS in combination 
compared with CPN only and vehicle only groups (Fig. 9A). The 
mean survival in the MS and CPN-treated group was 90.57 ± 6.56 
days (P < 0.01 versus CPN alone; P < 0.001 versus untreated group) 
compared with the CPN alone group (55.46 ± 5.71 days) and the 
untreated group (29.56 ± 2.44 days). Combination treatment 
(MS + CPN) resulted in a significant reduction in tumor size (Fig. 
9B). The mean tumor size in the combined treatment (1.30 ± 1.2 
mm 2 ) group was the smallest of any group, followed by the group 
treated with CPN only (5.30 ± 1.2 mm 2 ) and the vehicle-treated 
group (9.37 ± 2.2 mm 2 ; Fig. 9A). 

DISCUSSION 

Therapy for Brain Tumors. The prognosis for patients with GBM 
is extremely poor, with a median survival of 9 months, primarily 
because of a paucity of effective treatment options. Although some 
agents have proved effective against tumors outside the brain, im- 
paired drug delivery across the BTB limits drug delivery to primary 
(27) and metastatic brain rumors (28). Usually, primary brain tumors 
are intrinsically resistant to drugs, only adding to the problem of 
inadequate drug delivery across the BTB. In contrast, metastatic brain 
tumors that spread to the brain are sensitive to anticancer drugs. The 
BTB, however, prevents the delivery of anticancer drugs in sufficient 
amounts to achieve any therapeutic benefit. Therefore, improved 
delivery of anticancer agents to brain tumors may greatly improve the 
prognosis of patients with metastatic brain tumors. Breast and lung 
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Fig. 6.. ATP-sensitive potassium channels (# ATP ) channels. A, ^atp channel distribu- 
tion in membranes prepared from rat brain tissue (7), rat glioma tissue (2), rat brain 
endothelial cells (3), rat glioma cells (O, coculture of rat glioma and rat brain endothelial 
cells (5), human brain tissue (d), glioblastoma multiforme tissue (7), human brain 
microvascular endothelial ceils (S), glioblastoma multiforme cells (9), and coculture of 
human brain microvascular endothelial cells and glioblastoma multiforme cells {JO). The 
membranes were incubated with [ 3 H] glibenclamide. The [ 3 H] glibenclamide binding 
(cpm/mg protein) is significantly greater in cocultures (***, P < 0.001) compared with 
normal and tumor cells. Tumor cells and tumor tissue also exhibit significantly (** f 
P < 0.01) greater [ 3 H] glibenclamide binding compared with endothelial cells and normal 
brain tissues, respectively. 5, reverse transcription-PCR analysis of K iT 62 subunit. Lane 
7, human brain microvascular endothelial cells; Lane 2, primary glioblastoma multiforme 
cells; Lane 3, glioblastoma multiforme cells cocultured with human brain microvascular 
endothelial cells; Lane 4, rat glioma cells cocultured with rat brain endothelial cells 
isolated from neonatal rat brain; Lane 5, rat brain endothelial cells; Lane 6, rat glioma 
cells. Also shown are the intensities of a 0-actin band in the same reverse transcription- 
PCR to ascertain mRNA-loading variance. C, immunoblot analysis of SDS-PAGE- 
fractionated samples (20 fig protein/lane) reveal differential expression of K ATP channel 
protein immunoreactive with an antipeptide antibody specific for K iT 6.2 subunit. Lane a, 
glioblastoma multiforme cells; Laneb, human brain microvascular endothelial cells; Lane 
c, glioblastoma multiforme cells cocultured with human brain microvascular endothelial 
cells; Lane d, rat brain endothelial cells; Lane e y rat glioma cells; Lanef, rat glioma cells 
cocultured with rat brain endothelial cells. Also shown are the intensities of a M x 43,000 
0-actin band in the same immunoblot to ascertain protein-loading variance. D, changes in 
relative fluorescence intensity {RFU) during a 60-s period in response to the addition of 
minoxidil sulfate (A/5) and glibenclamide (Gib) at 20 and 40 s, respectively, in human 
brain microvascular endothelial cells (HBMVEC; 3) and glioblastoma multiforme [GBM; 
4) cells. In contrast no change in RFU was observed in HBMVECs and GBM cells 
without the addition of 1 m-m MS and 2 m Gib (7 and 2). £, K ATP channel activity in 
HBMVEVCs cocultured with GBM cells (4) in response to MS was greater compared 
with the activity of GBM alone (3). Control experiments were performed with HBMVECs 
alone (7) and GBM + HBMVEC (2) without the addition of MS and Gib. The decrease in 
fluorescence intensity corresponding to membrane potential changes is plotted on the Y 
axis as RFU. The addition of Gib reversed the membrane potential to resting values. Note 
that the MS-induced X" ATP channel activity is greater in cocultures than in endothelial or 
rumor cells alone. 



8907 



AT ATP CHANNELS REGULATE BTB PERMEABILITY 



A K ATP channels: HBMVEC 



Rat glioma cells 



GBM cells 




vWF 



K ATP channels 



K ATP channels with vWF 




antibody. 



anticancer drugs to the brain is far more difficult than delivering such 
drugs to elsewhere in the body. For example, 88% of patients with 
Her-2-positive breast cancer develop bone metastasis, and 33% de- 
velop brain metastasis. When breast cancer patients receive Trastu- 
zumab, however, only 4% develop bone metastasis but 28% still 
develop brain metastasis. The difference, for the most part, is because 
of the difficulty, of delivering anti-cancer drugs across the BBB/BTB 
to brain tumor. 

BBB Capillaries Differ from BTB Capillaries. We demonstrated 
that brain tumor capillaries overexpress K Ca channels (4, 5). These 
findings are consistent with other studies that showed overexpression 
of vascular proteins (29, 30), such as angiogenic vascular endothelial 
growth factors, fibronectin, and avjS integrins in tumor capillaries. 
The BTB is structurally and functionally different from the BBB (3, 



10, 31, 32). Recent studies (4, 5, 32), however, have shown that 
certain proteins are specifically expressed or overexpressed in tumor 
capillaries. We showed that tumor cells overexpress BK type 2 re- 
ceptors (14), whereas both tumor and tumor capillary endothelial cells 
overexpress K Ca channels (4, 5) and protein kinase-G (32) and K ATP 
channels, rendering them potential targets for biochemical modulation 
of BTB permeability. Although, the magnitude of differences in 
protein expression between normal and tumor capillaries is qualita- 
tive, using a series of complimentary studies, we quantitatively 
showed that tumor capillaries have increased K ATP channel density, 
activity, and/or responsiveness to MS. 

Biochemical Modulation of BTB Permeability. Vasomodulators, 
such as BK, nitric oxide donors, soluble guanylate cyclase activators, 
and NS-1619, increase BTB permeability via K Ca channels (4). MS 
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Fi2 8 Mechanism of increased transport. A, induction of vesicular transport in rat 
glioma tumorxapillary endothelium and tumor cells in vivo. 1, in the veh,cle-.nfused rat 
Lup brain tumor microvessel endothelial cells (EC) show few vesicles (arrowheads) 2 
Tnoxidil sulfate infusion caused an increased formation of ves.cles larrows) >b> , luminal 
membrane (i) invaginations. These vesicles, with an average diameter of 80-90 nm dock 
aTfuse with the bial membrane {BM) J, few vesicles are seen in vch.cic-mfused rat 
tumor cells (TC). ^, Vninoxidil sulfate, however, significantly increased the number of 
S W^csTclesWo^e^) in TC. Values are mean ± SD („ , - 5 camllanes/ra^ 
B minoxidil sulfateVMS) induced accelerated formation of transendothehal pinocytotic 
vesicles in tumor capillary endothelium without affecting endothelial tight junctions. C, 
the number of vesicles in rat glioma (RG2) tumor was significantly different from the 
vehicle (Ke/iVtreated group (**, P < 0.01) in tumor capillaries. Cleft indices (percentage) 
to RG2 tumor capillaries are significantly <«, P < 0.01) different from either Veh- or 
MS-treated normal brain capillaries. 



can also biochemically modulate K ATP channels, resulting in a sig- 
nificant BTB permeability increase, allowing the delivery of hydro- 
philic tracers, GFP-Adv vectors, and Her-2 antibodies specifically to 
brain tumor tissue. Glibenclamide coinfusion with MS attenuated 
MS-induced BTB permeability. The efflux of glibenclamide may be a 
potential concern because it is a substrate for multidrug resistance- 
associated proteins present on brain tumor microvessels. In our study 
design,, however, glibenclamide efflux should not significantly affect 
the blockage of MS-induced BTB permeability increase, because 
glibenclamide was coinfused with MS for only a 15-min period. 
Furthermore, there was a synergistic effect between K Ca and K ATP 
channel agonists, suggesting that they act independently. The absence 
of any significant functional alteration in CBF by K Ca (4) and A" ATP 
(33) channel agonists is consistent with our present data (Table 1). 
The low doses of these vasoactive agents required to achieve a 
significant change in permeability allows increased drug delivery 
without the hypotensive effect expected with high doses of these 
agents. MS, when administered i.v., also increased BTB permeability 
in a rat brain tumor model (data not shown) without increasing BBB 
permeability. On the basis of these observations, we are developing an 



i.v. formulation of MS to test whether MS enhances anticancer drug 
delivery to brain tumors in human patients. 

K ATP Channels in Cerebral Vasculature, The presence and role 
of K ATP channels in normal cerebrovascular endothelium have been 
described (34, 35), but their role in BBB/BTB permeability has not 
been elucidated. We demonstrated (Figs. 6, A and B, and 7) abundant 
expression of K ATP channels in tumor cells (in vitro and in vivo) in 
contrast to normal astrocytes and endothelial cells. Confocal images 
clearly revealed K ATP channel overexpression on tumor and endothe- 
lial cells compared with normal brain. Importantly, the tumor capil- 
laries (Fig. 7, B and C) showed abundant expression of K ATP channels 
as the A: atp channels colocalize with vWF in tumor capillary endo- 
thelial cells. Increased presence of K ATP channels (Fig. 6, A-Q and 
their activity in endothelial cells (Fig. 6, D and £), possibly by tumor 
cell-induced signaling, was observed when endothelial cells were 
cocultured with tumor cells. Others also reported increased K ATP 
channel activity in pathological conditions such as hypoxia (36), 
which might also be true in tumors, because tumors thrive in hypoxic 
environments. In normal brain capillaries, however, K ATP channels 
were barely detectable even when overexpressed K ATP channels were 
detected in tumor capillaries (Fig. 1). This unique feature of rumor 
capillaries offers a mechanism that can be exploited to alter tumor 
capillary permeability selectively without concomitant effects on nor- 
mal brain. 

Brain Tumor Cells Induce K ATP Channel Overexpression. In 

rat and human brain tumor cells, we demonstrated the functional 
activity of K ATP channels in normal and tumor cells alone and in 
cocultures. MS elicited higher membrane potential changes in tumor 
cells than in normal cells, suggesting greater density distribution or 
sensitivity of K ATP channels in tumor cells than in normal cells. 
Furthermore, in vitro [ 3 H] glibenclamide binding studies showed that 
K AT p channel density is significantly higher in tumor than normal 
cells/tissue (Fig. 6A\ We concluded that K ATP channels are overex- 
pressed both on rumor cells and tumor capillary endothelial cells 
compared with those of normal brain, which might explain why MS 
selectively increases BTB permeability while leaving the BBB unaf- 
fected. Because of the observed synergistic effect of K Ca and K ATP 
channel agonists on BTB permeability, K ATP channels are an addi- 
tional target besides A: Ca channels (4, 5) for BTB permeability mod- 
ulation to enhance drug delivery to brain tumors. 

Mechanism of Increased Transport: Pinocytotic Vesicles or via 
Tight Junctions? Our results demonstrate that MS induces acceler- 
ated formation of transport vesicles in both brain tumor capillary 
endothelium and tumor cells by MS-induced activation of K ATP 
channels (Fig. &4). Therefore, vesicular transport is largely responsi- 
ble for enhanced delivery of drugs across the BTB rather than via the 
opening of endothelial tight junctions. This finding is consistent with 
our previous study (4), in which we reported that a K Ca channel 
agonist, NS-1619, increased the density of rat brain tumor microvessel 
endothelial vesicles. A slight increase in basal BTB permeability 
might be attributable to a small increase in the number of pinocytotic 
vesicles and the tight junctional cleft index (37, 38). We found a direct 
relationship between an increase in the number of brain tumor capil- 
lary endothelial vesicles and increased BTB permeability. Impor- 
tantly, we observed that rat brain tumor capillary endothelial cells 
form far more vesicles (Fig. 85) than normal brain capillary endothe- 
lial cells without altering the endothelial tight junctions in response to 
vasomodulators, such as MS (Fig. 8Q or NS-1619 (4). 

Enhanced Survival. In a previous study, we showed that CPN 
enhanced survival when rats with intracranial glioma were cotreated 
with NS-169 (5) or BK (13). In the present study, we showed that i.e. 
MS infusion selectively enhanced [ I4 C]carboplatin delivery to tumor 
tissue without increasing delivery to normal brain (Fig. 3B). We also 
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showed that MS cointusion with CPN in rats resulted in tumor 
regression, significantly increasing survival (Fig. 8, A and B), Primary 
brain tumors, particularly GBM, frequently have altered genes result- 
ing in tumor cell proliferation, as well as poor prognosis and patient 
survival (39-41). In particular, Her-2, which is overexpressed in 
17-20% of GBMs (20), facilitates tumor cell proliferation (41). Tras- 
tuzumab and 2C4, developed by Genentech Inc., are potential Her-2 
receptor-based therapies for gliomas. The molecular sizes of these 
MAbs however, prevent their efficient delivery across the BTB to 
tumor We demonstrated that MS-induced biochemical modulation of 
K ATP channels enhanced delivery of macromolecules, including Her-2 
MAb selectively to tumors without increasing MAb delivery to 
normal brain in a GBM xenograft model (Fig. 5A). This finding 
suggests that therapeutic antibodies could be efficiently and selec- 
tively directed to glioma cells in vivo. In addition to MAb therapy, 
gene therapy for GBM is emerging as a potential treatment strategy. 
Efficient and selective delivery of adenoviral vectors to tumor across 
the BTB, however, is difficult when viral products are administered 



through an intravascular route because of the difficulty of getting such 
vectors across the BTB. In this study, we demonstrated enhanced and 
selective GFP-Adv delivery across the BTB after i.e. cointusion with 
MS (Fig. 5B). This strategy may be useful clinically to deliver 
therapeutic antibodies with a chemotherapeutic drug or gene product 
selectively to brain tumor while leaving healthy brain intact. 

Summary. Taken together, our findings demonstrate that K ATP 
channels are effective targets for BTB permeability modulation. It is 
conceivable that other types of potassium channels may play a role in 
BTB permeability regulation, which remains to be thoroughly inves- 
tigated. This study presents evidence that activation of A" ATP channels 
by specific agonists, such as MS, can sustain enhanced drug delivery 
selectively to tumors. Specifically, we showed that CPN delivery to 
brain tumors can be increased using MS, resulting in enhanced sur- 
vival in rats with intracranial tumors. Furthermore, MS-induced BTB 
permeability modulation allows delivery of macromolecules (such as 
dextran, Her-2 MAb, and GFP-Adv) selectively to brain tumor. In 
conclusion, our results confirm that selective and enhanced delivery of 
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small and macromolecules across brain tumor microvessels after K ATP 
channel activation can be exploited to increase BTB permeability and 
enhance drug delivery to brain tumor. This study may have significant 
implications for improving targeted delivery of antineoplastic agents 
to brain tumors and neuropharmaceutics to diseased brain regions 
while leaving normal brain unaffected. 
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